Minor sulfur isotope anomalies indicate the absence of O 2 from the Archean atmosphere. A rich dataset showing large variations in magnitude and sign of D 33 S and D
S to a 1-D photochemical model and describe the numerical methodology needed to ensure accurate prediction of the magnitude and sign of D 33 S produced by and deposited from the Archean atmosphere. This methodology can test multiple MIF-S formation mechanisms subject to a variety of proposed atmospheric compositions, yielding D 33 S predictions that can be compared to the rock record. We systematically test SO 2 isotopologue absorption effects in SO 2 photolysis (Danielache et al., 2008) , one of the primary proposed mechanisms for D 33 S formation. We find that differential absorption through the Danielache et al. (2008) cross sections is capable of altering predicted D 33 S as a function of multiple atmospheric variables, including trace O 2 concentration, total sulfur flux, CO 2 content, and the presence of hydrocarbons, but find a limited role for OCS and H 2 S. Under all realistic conditions, the Danielache et al. (2008) cross sections yield D 33 S predictions at odds with the geologic record, implying that additional pathways for sulfur MIF formation exist and/or the cross sections have significant errors. The methodology presented here will allow for quantitative constraints on the Archean atmosphere beyond the absence of O 2 , as soon as additional experimental measurements of MIF-S producing processes become available. 
INTRODUCTION AND BACKGROUND
The presence of mass-independent fractionation in sulfur isotopes (MIF-S or D 33/36 S 1 ) is a distinctive feature of sedimentary rocks older than 2.45 Gyr, and constrains paleoatmospheric composition. Both formation and preservation of MIF-S require reducing atmospheric conditions (Farquhar et al., 2000a (Farquhar et al., , 2001 Pavlov and Kasting, 2002; Ono et al., 2003; Zahnle et al., 2006) , so the existence of the MIF-S data indicates the near absence of O 2 , and the presence of a reducing gas (likely CH 4 and/or H 2 ). The geologic record preserves time-varying magnitudes and signs of MIF-S in both sulfides and sulfates, along with correlations between D 33 S and D 36 S. These additional parameters might allow us to infer the concentrations of other gases in the ancient atmosphere, if we can correctly model MIF-S formation, deposition, and preservation (Lyons, 2009; Farquhar et al., 2013; Halevy, 2013) . Here, we focus on the methodology to model atmospheric formation and deposition of D 33 S. The only two mechanisms experimentally shown to produce the coincident large absolute values of D 33 S and D
36
S seen in the Archean geologic record involve gas phase SO 2 . These are the photolytic destruction of SO 2 (Farquhar et al., 2000a (Farquhar et al., , 2001 , an atmospheric reaction SO 2 + hm ! SO + O triggered by absorption of photons (hm) between 180 and 220 nm (the SO 2 "photolysis band"), and the SO 2 "photoexcitation band" between 250 and 350 nm (Danielache et al., 2012; Whitehill and Ono, 2012; Whitehill et al., 2013) , where the absorbed energy is not enough to break the SO 2 bond (SO 2 + hm ! SO 2 * ! SO 2 ). In the modern atmosphere, O 2 and O 3 absorb UV radiation at wavelengths between 180 and 300 nm, preventing significant tropospheric SO 2 photolysis and MIF-S generation. By contrast, in the absence of O 2 /O 3 , 180-220 nm photons reach the lower atmosphere, enabling formation of large MIF-S by SO 2 photolysis. More critically, nearly all sulfur input into the modern atmosphere is removed in a single redox state (SO 4 2À ). The preservation potential of MIF-S is significantly enhanced in reducing atmospheres as these conditions allow sulfur to leave the atmosphere via multiple "exit channels" (sulfate, S 8 aerosol, and/or SO 2 ), enabling transfer of any generated isotopic heterogeneity to the surface environment (Pavlov and Kasting, 2002; Ono et al., 2003; Halevy et al., 2010; Zerkle et al., 2012) . Preservation potential is further enhanced in anoxic oceans, which enable burial of discrete redox phases before isotopic homogenization Halevy, 2013) .
While the presence of large Archean D 33 S and D
S is widely accepted as indicating a reducing atmosphere Johnston, 2011) , the magnitude and sign of MIF-S is less understood. The Archean data ( (Halevy et al., 2010) , sampling bias, or preservational bias due to scarcity of Archean deep-sea sediments, soils (Maynard et al., 2013) or carbonate-associated sulfate (CAS) data. Preservational bias may be important if the mantle is a long-term reservoir for negative D 33 S (Farquhar et al., 2002 (Farquhar et al., , 2010 Cabral et al., 2013) . Alternatively, the asymmetry could result from atmospheric mass balance, whereby a single MIF-S formation mechanism partitions into a dominant reservoir with small magnitude negative D 33 S and a minor (by mass) exit channel with a correspondingly larger positive D 33 S signal (Zerkle et al., 2012) . This latter interpretation is exemplified by oxygen MIF in the modern atmosphere, which arises during O 3 formation (Thiemens and Heidenreich, 1983) . Large positive D 17 O are seen in quantitatively small exit channels such as nitrate, sulfates, and perchlorates (e.g., Bao and Gu, 2004; Michalski et al., 2004) , while the very small negative D 17 O remains in the much larger reservoir of atmospheric O 2 (Luz et al., 1999) . A widely adopted interpretation of the sign of geologic D 33 S is that it reflects a single, primary atmospheric source mechanism which partitions into a positive D 33 S elemental sulfur exit channel and a negative D 33 S sulfate exit channel (Farquhar et al., 2001; Pavlov and Kasting, 2002; Ono et al., 2003 Ono et al., , 2006b Ono et al., , 2009a . This "conventional interpretation" therefore requires that most observed sedimentary sulfides are derived directly from reduced atmospheric species (H 2 S or S 8 ) carrying positive D 33 S, and that most sulfates are derived directly from more oxidized species S in sedimentary sulfides (grey circles), sulfates (red diamonds), and carbonate associated sulfate (black triangles), updated from the compilation in Stü eken et al. (2012) and references therein, and supplemented with additional data (Fabre et al., 2011; Bontognali et al., 2012; Bü hn et al., 2012; Guy et al., 2012; McLoughlin et al., 2012; Philippot et al., 2012; Roerdink et al., 2012 Roerdink et al., , 2013 Grosch and McLoughlin, 2013; Johnson et al., 2013; Kurzweil et al., 2013; Thomazo et al., 2013) . Detrital, igneous and hydrothermal sulfides were excluded, as were diamond inclusions and ice-core sulfate data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) S, requiring either postatmospheric transformation in the marine environment (Ono et al., 2009a,b; Shen et al., 2009; Halevy et al., 2010; Farquhar et al., 2013; Halevy, 2013) , additional formation reactions with different D 33 S signatures (Farquhar et al., 2001 ), or both. The conventional interpretation was rapidly adopted based on early studies that we argue were insufficient to constrain the problem (see Section 4.1); However, multiple recent studies confirm a role for at least one atmospheric production mechanism resulting in positive D 33 S sulfates and negative D
33
S sulfides.
MIF-S production mechanisms
We briefly review proposed MIF-S formation mechanisms. The only non gas-phase mechanisms known to generate MIF-S are the thermochemical reduction of sulfate with organic matter at high temperatures (Watanabe et al., 2009 ) and liquid phase irradiation of certain organic sulfur compounds (Kopf and Ono, 2012) . Both these processes involve a magnetic isotope effect that produces large D 33 S without corresponding D 36 S, so these mechanisms cannot explain the rock record (Oduro et al., 2011; Kopf and Ono, 2012) . Photolysis of CS 2 creates large MIF-S (Zmolek et al., 1999) , but calculated CS 2 concentrations remain small even under large biogenic sulfur fluxes (Domagal-Goldman et al., 2011) , likely rendering any D 33 S contributions negligible. H 2 S (Farquhar et al., 2000b) and OCS photolysis do not generate large MIF-S (Hattori et al., 2011; Lin et al., 2011) , but other potential MIF-S generating reactions have been suggested, including (but not limited to) SO photolysis (Ono et al., 2003) , S + S 2 ! S 3 (Du et al., 2011) , and SO 3 photolysis (Pavlov et al., 2005) . These latter pathways are hypothetical and considered unlikely (Lyons, 2009) but are worthy of future research , given the multiple formation pathways suggested by the data (Farquhar et al., 2001; Lyons, 2009; Ono et al., 2009a Ono et al., , 2013 Masterson et al., 2011; Whitehill and Ono, 2012; Whitehill et al., 2013) . Given that thirteen years of laboratory investigations have consistently demonstrated large magnitude D 33 S and D 36 S signals stemming from SO 2 photolysis, this process is probably the most important in explaining the Archean record. However, at least one additional formation pathway, likely involving SO 2 photo(de)excitation, is almost certainly also involved.
The polyatomic SO 2 molecule has both rotational and vibrational quantum states, creating a complex absorption spectrum that varies over sub-nanometer wavelength scales (Okabe, 1978) . Differential absorption of photons by isotopologue-dependent absorption cross-sections could lead to MIF-S in both the photolysis and photoexcitation bands. MIF-S could also (or additionally) arise from changes in isotopologue-specific reaction rates that occur subsequent to the initial absorption, but prior to the disassociation or relaxation back to the SO 2 ground state. If this latter case holds, the details of the initial SO 2 photon absorption process may be less important to MIF-S generation than is currently assumed. The precise mechanism by which MIF-S arises in each of these SO 2 bands remains an area of active research.
In our Archean model atmospheres, SO 2 concentrations generally peak below 15 km (e.g., Fig. 2a ), so MIF-S can be affected if any high-altitude species absorb 180-220 or 250-320 nm photons before they can reach SO 2 molecules in the lower atmosphere. This phenomenon is broadly defined as 'shielding' of SO 2 by those gases or particles (Ueno et al., 2009) (Lyons, 2007) . Laboratory experiments are identifying important mechanisms involved in MIF-S production, but direct application to the rock record requires caution, as experimental setups often use gas concentrations and illumination conditions which are not likely to occur in an actual atmosphere. One such experiment that has been overinterpreted is the "193 nm array" of Farquhar et al. (2001) , in which a narrow band laser was used to photolyze SO 2 . We have full confidence in the experimental result, but show in Section 4.1.1 that the partitioning into positive D 33 S sulfide and negative D 33 S sulfates is strongly dependent on the laser used, and therefore not directly relevant to the Archean atmosphere. Experiments using broadband light sources are more broadly applicable, although it remains important to acknowledge that the experimental data are relevant to conditions in the photocells, which might not be representative of the natural atmosphere. Broadband light sources also produce negative D 33 S in sulfates (Masterson et al., 2011; Whitehill and Ono, 2012; Ono et al., 2013) , although the high partial pressures of SO 2 in the photocells enables SO 2 selfshielding behavior (Lyons, 2007) . Experiments are approaching SO 2 partial pressures relevant to the natural atmosphere (Masterson et al., 2011; Whitehill and Ono, 2012; Whitehill et al., 2013) , and are confirming that SO 2 photolysis generally produces negative D 33 S sulfates with strong dependence on pressure, temperature, and wavelength. Much experimental and theoretical work remains to be done, but it does appear clear that (a) interaction of SO 2 with both 180-220 nm and 250-320 nm photons generates MIF-S, and (b) reducing conditions are needed to preserve that signal. A primary aim of this paper is to describe the minimum theoretical framework needed to translate experimental results into accurate modeling predictions of MIF-S produced in the atmosphere. Pavlov and Kasting (2002) performed the first photochemical modeling study of sulfur isotopes in the early atmosphere. This study yielded multiple insights including: (a) the demonstration that MIF-S (once produced) rapidly partitions between all other atmospheric sulfur species; (b) the importance of multiple "exit channels" in the delivery of MIF-S to the surface; and (c) the identification of 10 À5 PAL O 2 as the upper limit for the Archean atmosphere. The upper limit for Archean O 2 was significant in that it was a much stronger constraint than could be drawn from other geochemical proxies (e.g., Holland, 1984; Catling and Claire, 2005) . The constraint originates from the inability to construct a model atmosphere with 10 À5 PAL O 2 that could maintain an elemental sulfur (S 8 ) exit channel, while atmospheres with 10 À15 PAL O 2 could. Despite this ten order of magnitude gap in their modeled O 2 concentrations, the constraint has held up and remains a strong upper limit on Archean O 2 concentrations. The existing laboratory data did not allow Pavlov and Kasting (2002) to make quantitative predictions of D 33 S; rather, they assumed fractionation factors for SO 2 photolysis, and showed they would propagate through the atmospheric system. Studies following on from Pavlov and Kasting (2002) adopted the deposition rate of S 8 aerosols (Ono et al., 2003; Zahnle et al., 2006) or SO 2 photolysis rates as a proxy for MIF-S, with only implicit links to the magnitude of MIF-S. The modeled parameter space of reducing atmospheres was expanded, and three major influences on S 8 deposition were identified: total sulfur, O 2 , and CH 4 (Ono et al., 2003; Zahnle et al., 2006) . The Mesoarchean minimum in D 33 S was briefly interpreted as reflecting oxygenation (Ohmoto et al., 2006; Ono et al., 2006a) , but consideration of D 33 S/ D 36 S slopes revealed that all Archean sulfides result from mass-independent processes Johnston, 2011) . Formation of an organic haze at high CH 4 :CO 2 concentrations was also shown to decrease SO 2 photolysis rates in a 1-D photochemical model (DomagalGoldman et al., 2008) (Ueno et al., 2009) . As large MIF-S indicates the absence of O 3 from the Archean atmosphere, Ueno et al. (2009) suggested that positive D 33 S in sulfides was induced by large quantities of atmospheric OCS preferentially absorbing 200-220 nm photons, shielding SO 2 from photolysis. Using a one-box model, they concluded that 5 ppm of OCS in an atmosphere with more CO than CO 2 was needed to explain the Archean D 33 S record. We are unconvinced that such an atmospheric state could have existed. Archean OCS concentrations above 10 ppb are unlikely due to rapid OCS photolysis (Domagal-Goldman et al., 2011; Zerkle et al., 2012, Fig. A6) . Furthermore, atmospheric CO:CO 2 ratios higher than 1 are also unlikely after the evolution of life (Kharecha et al., 2005) , as CO is readily consumed by a wide range of microbes. Perhaps more importantly, we also question the methodology used to derive these conclusions, and argue that a one-box model does not resolve the altitude-dependent complexities in chemical composition and redox necessary to accurately simulate dry and wet deposition from the Archean atmosphere. For example, Ueno et al. (2009) argued that any Archean atmosphere with more CO 2 than CO is too oxidizing to produce MIF-S, a conclusion that is contradicted by Fig. 2 and by other studies of Archean atmospheric structure and redox state (Pavlov and Kasting, 2002; Ono et al., 2003; Zahnle et al., 2006; Domagal-Goldman et al., 2008; Zerkle et al., 2012; Kurzweil et al., 2013) . The lack of vertical resolution in their model may have inflated the role for oxidation by CO 2 photolysis, which is important in the oxidized upper stratosphere, but does not occur in the lower atmosphere where CO 2 is optically thick. That said, the key insight of Ueno et al. (2009) remains valid: atmospheric opacity to SO 2 photolysis between 180 and 220 nm is vital for understanding the MIF-S record. Halevy et al. (2010) also utilized the DA08 cross sections to predict Archean D 33 S. Their study used a simple vertical atmospheric structure, and assumed that H 2 S with zero MIF-S mixes (and dilutes) MIF-S produced by one (parameterized) disproportionation reaction: 2SO 2 + hm ! SO + SO 3 . The SO was assumed to form S 8 aerosol, while SO 3 became sulfate aerosol, and these products were immediately removed from the model atmosphere. In more complex models of the Archean atmosphere, the dominant atmospheric SO sink is the pressure-dependent recombination to SO 2 (SO + O + M ! SO 2 + M, where M is a third species such as N 2 ), and this and approximately 80 other reactions (Pavlov and Kasting, 2002; Domagal-Goldman et al., 2011 , this study) must be accounted for to accurately predict gaseous sulfur concentrations. Halevy et al. (2010) predicted negative D 33 S sulfates and positive D 33 S sulfides in all atmospheric cases, in apparent disagreement with the Ueno et al. (2009) study that required 5 ppm OCS in a 1% CO atmosphere to accomplish this. However, the Halevy et al. (2010) results were obtained by assuming the atmosphere was completely opaque to UV radiation between 200 and 220 nm because of the presence of some unspecified gas. Our numerical predictions agree with Halevy et al. (2010) only in the unphysical case where we integrate SO 2 photolysis between 180 and 200 nm but not between 200 and 220 nm (see Appendix II), a scenario for which no atmospheric absorber is known. We agree with the Halevy et al. (2010) key insight that post-depositional processes will affect the magnitude of D 33 S stored in the rock record, but we question their quantitative D 33 S predictions and the conclusions drawn from them. We contend that a 1-D photochemical model is required to make accurate quantitative predictions of Archean redox structure and MIF-S production.
Previous modeling of Archean MIF-S

MODEL DESCRIPTION
Our 1-D photochemical model incorporates 74 gasphase species undergoing 392 photochemical reactions (83 and 424, respectively, for the biogenic sulfur runs in Fig. A6 ). The model (Zahnle et al., 2006; DomagalGoldman et al., 2011; Zerkle et al., 2012) includes vertical transport by eddy and molecular diffusion, rainout, lightning, particle condensation, and diffusion-limited hydrogen escape. The altitude grid runs from the surface to 100 km in 0.5 km increments, with a fixed tropopause height of 11 km. Radiative transfer was computed using the d 2-stream methodology (Toon et al., 1989) incorporating both Rayleigh scattering by gases and Mie scattering by particles (Yung, 1976) . Photolysis rates were diurnally-averaged and assumed a 50°solar zenith angle. Model equations were integrated using a variable time-step reverse-Euler method suitable for stiff systems, which relaxes to the steady-state (Newton's method) solution when model time steps are large. We ensure convergence by integrating until the model is able to take 10 billion year time steps without changing any species concentration or flux by more than a factor of 10
À12
. In practice, well behaved models subject to slight perturbations converge toward new steady state solutions between 100 and 10,000 model years, but the added computation improves the redox balance. To assess reliability, we check that all model simulations balance the internal atmospheric redox budget to better than one part per billion, and verify that the lower boundary fluxes needed to create the given numerical solution are broadly consistent with plausible fluxes from Archean biology and/or volcanic activity. Fig. 2a shows gas concentrations from a "standard model" constructed to be representative of late Archean atmospheric composition after the evolution of oxygenic photosynthesis but before the Great Oxidation Event (Zerkle et al., 2012) . The standard atmosphere was computed with a 2.5 Ga solar flux ). The volcanic inputs were distributed vertically throughout the troposphere in a lognormal fashion. CO 2 concentrations were fixed at 1% at all heights, and N 2 provided a total atmospheric pressure of 1 bar. Further boundary conditions imposed include fixed ground-level mixing ratios of 100 ppm and 10 ppb for CH 4 and O 2 , respectively. To maintain these mixing ratios in steady-state with all other processes, the model computed fluxes of 3.6 Â 10 11 molecules cm À2 s À1 and 6.2 Â 10 11 molecules cm À2 s
À1
, respectively, which are broadly consistent with predictions of Archean biospheric fluxes of CH 4 and O 2 after the evolution of oxygenic photosynthesis Pavlov and Kasting, 2002; Kharecha et al., 2005; Canfield et al., 2006; Zahnle et al., 2006) . A reducing atmosphere is maintained by volcanic fluxes for H 2 and H 2 S slightly enhanced from the modern (Case 'V2' of Zahnle et al., 2006) and by a CH 4 :O 2 flux ratio > 1:2 (Catling et al., 2007; Kurzweil et al., 2013) . Although organic haze might have been present in the Mesoarchean Domagal-Goldman et al., 2008; Kurzweil et al., 2013) and for short durations in the Neoarchean (Zerkle et al., 2012) , we assume a "clear skies" condition for our standard atmosphere, which is maintained by our choice of CH 4 :CO 2 ratio of 0.01 (Trainer et al., 2006) . The relatively simple particle formation scheme has not been substantially updated since the work of Pavlov and Kasting (2002) . As with previous studies, our S 8 production peaks in the lower troposphere (not shown), but minor production leads to trace S 8 aerosol concentrations in the lower stratosphere. Our predicted concentrations (and therefore D 33 S predictions) may be affected by over-estimations of polysulfur vapor pressures (Lyons, 2008) and/or our boundary conditions that require a finite fall velocity at height. Updating the sulfur and organic aerosols schemes represents an important avenue for future research.
Our results are sensitive to our assumption of a "late Archean" biosphere, specifically, the inclusion of an O 2 flux from oxygenic photosynthesis. In the standard model, the O 2 lifetime against loss at the ground is 9 h. Given that the primary source of O 2 requires sunlight, the Archean atmosphere might have exhibited diurnal, spatial, and/or seasonal changes in local oxygen concentrations. In a 1-D globally averaged model however, fluxes must be considered as a distributed planetary average. Therefore, our standard model should not be considered valid only over an "oxygen plume" in a localized highly productive region, but rather as a representative average. By analogy, our inclusion of volcanic H 2 S, SO 2 , CO 2 , and H 2 fluxes does not restrict our validity to near a volcanic plume -rather, we are attempting to model the quiescent background atmosphere subject to the net yearly flux of these gases. Unlike O 2 , these volcanic gases have long photochemical lifetimes, so our model predictions involving a tropospheric source of free O 2 are not likely to be valid extremely far from a source region. This implies that the Archean atmosphere could produce heterogeneous D 33 S signals depending on the degree of interaction with tropospheric O 2 , and that our standard model predictions are most representative of a coastal shelf or shallow sea environment with high primary productivity. These near shore environments tend to be preserved preferentially in the sedimentary rock record compared to non-marine or deepmarine settings.
We S bearing species following established methods (Pavlov and Kasting, 2002) . Unlike the Pavlov and Kasting (2002) study, however, arbitrary fractionation factors are not assumed; rather, all fractionation arises from the differential absorption/emission of UV radiation by SO 2 isotopologues, as modulated by the presence of other gases in the model atmosphere. The magnitude and sign of D 33 S is therefore a model prediction, not a tuning parameter. To ensure accurate MIF-S computations, we enhanced our photolysis and radiative transfer schemes to use a variable wavelength grid, which is easily modifiable depending on the MIF-S formation mechanism under study. For most of the work presented here, we use a 0.05 nm wavelength grid between 180 and 220 nm, resolving the vibronic bands of SO 2 to the accuracy of the DA08 32 SO 2 , 33 SO 2 , and 34 SO 2 cross sections, with a 0.01 nm grid for the Schumann-Runge bands of O 2 (Zerkle et al., 2012) , and the standard "JPL 1983 grid" otherwise. This methodology computes only mass-independent contributions to the sulfur isotope budget, so while computed D 33 S represents a prediction to be compared to the rock record, the absolute d
S and d
34 S values are not. Addition of the reactions affecting the mass-dependent chemistry of atmospheric sulfur species is certainly feasible within this methodology, but was beyond the scope needed for this work. Further discussion and validation of our isotopic computations are presented in Appendix I. We wish to stress that the methodology developed here is easily extendable to new isotopologue-specific cross sections and/or reaction rate data as they become available, as well as for testing alternate mechanisms. Furthermore, the methodology is extendable to make computations of D 36 S when appropriate data become available.
RESULTS
SO 2 self-shielding
We first investigate if SO 2 self-shielding could be important in the quiescent Archean atmosphere. The peak SO 2 mixing ratio of $0.5 ppb occurs in the lower stratosphere near the tropopause (Fig. 2a) , with photolytic loss depressing the mixing ratio below. A secondary SO 2 peak occurs lower in the troposphere due to the volcanic input. The overall atmospheric response to $1 Tmol SO 2 yr À1 leads to a total column density of 1 Â 10 15 SO 2 molecules cm À2 with a corresponding SO 2 optical depth of 0.03. This Archean volcanic flux estimate is uncertain, and Zahnle et al. (2006) suggest it could have been 3 times higher. Fig. 3 shows results from model runs with SO 2 fluxes ranging from modern to 40 times modern. Even at the extreme SO 2 flux case, the SO 2 absorption optical depth remains below 0.1, far below the $1 needed for self-shielding. In the Archean, like today, SO 2 self-shielding would only occur in volcanic plumes, which can increase the SO 2 column density by orders of magnitude in the days to weeks following a large eruption. Although potentially relevant for specific volcanic-rich horizons (Thomazo et al., 2009; Philippot et al., 2012) , it seems unlikely that SO 2 selfshielding in the occasional volcanic plume would significantly affect the bulk fractionation integrated into the Archean geologic record. Given that our standard model produces substantial D 33 S (Fig. 2b) , prodigious amounts of D 33 S would have to emanate from occasional plumes to quantitatively overprint the D 33 S from the quiescent background atmosphere.
Investigating the Danielache et al. (2008) cross sections
Next, we simulated thousands of plausible, self-consistent, late Archean atmospheric compositions using our updated 1-D photochemical model to predict D 33 S resulting from the DA08 180-220 nm photolysis cross sections, with results shown in Figs. 2, 6, 7 and Appendix III-a. Fig. 2b shows the computed D 33 S values from our representative late Archean atmosphere. Using DA08, our standard (Pavlov and Kasting, 2002; Ono et al., 2003) , SO 2 is also a quantitatively significant exit channel, with positive D 33 S in SO 2 delivered to the surface by a combination of wet and dry deposition. Given its high solubility and D 33 S variability (Fig. 2b) , SO 2 in particular requires integration over a vertically resolved troposphere to accurately predict the D 33 S delivered to the surface. While the $2/3 of SO 2 that leaves via dry deposition with D 33 S of À0.2& reflects mixing with zero MIF-S volcanic SO 2 , the remaining 1/3 of SO 2 dissolved in rain takes on a net D 33 S of $+15&, leading to a total predicted D 33 S of $+5& for SO 2 in our standard model (Table 1 ). The short lifetime of O 2 , compounded with its affect on the SO 2 exit channel, further indicates the potential for spatial and temporal differences in Neoarchean D 33 S. The prediction of positive D 33 S sulfate using DA08 extends to the entire parameter space explored in this study.
Independent of cross section used, all model atmospheres reveal SO 2 photolysis rates increasing with wavelength (Fig. 4) , so the bulk of the D 33 S signal is generated from SO 2 photolysis reactions between 200 and 220 nm. This trend results from 3 factors: (1) the CO 2 absorption band weakens by 5 orders of magnitude between 180 and 206 nm, which allows for increasing penetration of solar photons to the lower atmosphere; (2) there is a $50-fold increase in the number of solar photons between 180 and 220 nm; and (3) while many gases absorb at wavelengths less than 200 nm, atmospheric gases other than O 3 have generally weak absorption from 200 to 220 nm (Ueno et al., 2009) . Fig. 4 demonstrates that SO 2 photolysis does not occur at wavelengths less than 192 nm in the standard model, and that most SO 2 photolysis occurs between 205 and 215 nm. The D 33 S variability in SO 2 seen in Fig. 2b is directly related, as different wavelengths of light interact with SO 2 at various heights (Fig. 4) , imparting unique D 33 S signatures. Fig. 5 shows that photons with wavelengths less than $195 nm do not reach to the troposphere. 202 nm and longer wavelength photons reach the ground, but with some tropospheric attenuation through 220 nm, consistent with the SO 2 photolysis rates shown in Fig. 4 . Barring the presence of organic haze (Zerkle et al., 2012) , realistic atmospheric compositions with significant opacity at wavelengths longer than 200 nm do not appear feasible for reducing early Earth atmospheres (Fig. 5) . When organic hazes do form, the resulting atmospheres (Figs. 7 and A7) also produce positive D 33 S sulfate. Therefore, the model prediction of positive D 33 S in atmosphericallyproduced sulfate is robust to the extent that the DA08 3X SO 2 cross sections are accurate and no other MIF-S generating process significantly influences the Archean record.
Figs. 6, 7 and A6-A8 show photochemical model runs with boundary conditions differing from the standard model. The top panels show ground-level mixing ratios and fluxes of important species, while the bottom panels show DA08 D 33 S predicted in SO 2 , SO 4 and S 8 delivered to the surface, along with their corresponding exit channel fractions. Each panel shows extracted data products from $100 model atmospheres run at identical boundary conditions, excepting only the independent variable on the x-axis. Any bulk uncertainties inherent in our standard model are therefore maintained throughout each suite of model runs. This manner of analysis effectively normalizes any error in the standard model, affording confidence that trends result from the given change in the independent variable. We first explore model sensitivity to changing fluxes of volcanic and biogenic sulfur gases. Our model predicts minimal changes in D 33 S resulting from varying the SO 2 to H 2 S ratio in the volcanic gas flux, but reveals marked D 33 S changes with total sulfur flux (Figs. 6 and A6 ). This lack of correlation between the ratio of input sulfur gases and steady-state concentrations is contrary to the findings of Halevy et al. (2010) , but is consistent with other models (Ono et al., 2003; Zahnle et al., 2006) ) in our standard model atmosphere. redox state when the CH 4 fluxes are $50 times greater. Due to their photochemical reactivity, these inorganic sulfurous gases quickly interconvert and relax to concentrations dictated by the overall atmospheric redox state, which in our model is driven by more inert (and therefore plentiful) gases such as H 2 and CH 4 . As a result, the input ratio of SO 2 to H 2 S ( Fig. 6a and b) has little bearing on their steady-state concentrations, as our model is free to make minor adjustments to the larger redox terms in order to balance the fixed mixing ratio boundary conditions on O 2 and CH 4 . While a changing SO 2 :H 2 S ratio could affect the global redox balance (Kasting, 2013) with potential long-term effects for the evolution of the ocean-atmosphere system (Kump and Barley, 2007; Holland, 2009) , the direct chemical effect on our modeled reducing atmospheres is negligible. By contrast, increasing the total amount of S gases (in whatever fraction or form) enhances S 8 formation rates, with subsequent changes in D 33 S (Fig. 6c and d) . This behavior is further supported by calculations in which biogenic sulfur gases are varied (see Appendix III-a).
Intermittent hydrocarbon haze has recently been proposed during the Archean (Zerkle et al., 2012; Kurzweil et al., 2013) . While this interpretation stems from variations in the D 33 S/D 36 S slope beyond the scope of this study, we can investigate how haze affects D 33 S computed using DA08. Kurzweil et al. (2013) presented photochemical models run at varying fluxes of CH 4 and O 2 , and simulated the evolution of oxygenic photosynthesis. Fig. 7a reproduces their Fig. 5a and contains simulations of hazy and The response of our model to changing the methane and oxygen fluxes in the manner described by Kurzweil et al. (2013) . The grey shaded regions labeled ">2.7 Ga" and "<2.7 Ga" reflect their preferred atmospheric conditions before and after the evolution of oxygenic photosynthesis. Colors and symbols as in Fig. 7 where the hydrocarbon aerosol (HCAER) has mixing ratio less than 10 À12 ) illustrates the range of potential variability in global conditions on post oxygenic-photosynthesis world, encompassing regions near and far from a O 2 source region and their differences in SO 2 deposition.
There is scope for further updating the modeling of Archean organic haze. Since publication of DomagalGoldman et al. (2008) , the importance of "fractal" particle scattering of UV/visible photons has been suggested (Wolf and Toon, 2010 Figs. 2-6 , and also differ between the fractal and Mie scattering cases (Wolf and Toon, 2010; Zerkle et al., 2012) . These changes in haze optical depth lead to changes in the dominant sulfur reaction rates and exit channels (Zerkle et al., 2012; Kurzweil et al., 2013) , which leads to changes in the predicted D 33 S (Figs. 7 and A7). None of these recent models include accurate coupling of climatic effects of haze (e.g., Haqq-Misra et al., 2008) , nor higher-order hydrocarbon reactions needed to accurately model Titan's atmosphere (e.g., Hebrard et al., 2013) , both of which lie beyond the scope of this study. Here, we simply wish to highlight that organic haze due to elevated CH 4 concentrations is one of multiple atmospheric vectors that could have modulated the D 33 S record.
DISCUSSION
Using the DA08 cross sections, our model predicts positive D 33 S in sulfates and negative D 33 S in S 8 which is contrary to the conventional interpretation of the Archean record, in which negative D 33 S is assumed to arise from sulfate and positive D 33 S from sulfides or S 8 . We consider the following explanations:
(1) The DA08 SO 2 cross sections used to generate the D Explanation 1 has been suggested (Lyons, 2009; Blackie et al., 2011 ) based on rotational complexity not recorded in the DA08 data. This higher resolution fine structure is likely necessary to compute the D 33 S contribution by SO 2 self-shielding (Lyons, 2007 (Lyons, , 2009 Ono et al., 2013) , which certainly occurs in the high SO 2 optical depths of laboratory experiments (Farquhar et al., 2001; Masterson et al., 2011; Whitehill and Ono, 2012; Ono et al., 2013) . In the natural atmosphere, SO 2 self-shielding is only relevant in dense volcanic plumes (Lyons, 2009; Hattori et al., 2013; Ono et al., 2013) where 32 SO 2 temporarily becomes optically thick, but this is unlikely to quantitatively swamp ) and D
33
S (&) in the dominant sulfur exit channels in the standard model, and the standard model modified to include the 250-320 nm photoexcitation band (Danielache et al., 2012) . In the latter case, discussed in Appendix III-b, we utilize a wavelength grid with 0.05 nm resolution from 180 to 320 nm (0.01 nm in the Schuman-Runge bands). The 3x SO 2 cross sections used were a hybrid of Danielache et al. (2008) (Figs. 3-5) . Therefore, the inability of these cross sections to account for SO 2 self-shielding is not enough to discard them. More problematically, the overall accuracy of these cross sections have been called into question (Whitehill and Ono, 2012) . Furthermore, the DA08 crosssections were measured at SO 2 partial pressures greater than natural abundance (0.2-9.3 mbar), and so could contain pressure-dependent effects not relevant to the natural atmosphere. We share major concerns over the data quality of the DA08 cross sections, 2 although we note that MonteCarlo calculations incorporating the reported measurement errors (Fig. A4) support the primary result of positive D 33 S in sulfates, leaving a systematic offset in the 33 SO 2 spectra as the most likely mechanism for error (Whitehill and Ono, 2012; Ono et al., 2013) . Additional measurements of all four SO 2 isotopologue cross sections are needed to resolve these doubts.
Explanation 2 is almost certainly true as well, and we highlight the often-overlooked conclusion of Farquhar et al. (2001) that multiple formation pathways were needed to explain their experimental SO 2 photolysis data. The SO 2 photoexcitation band generates MIF-S (Danielache et al., 2012; Hattori et al., 2013; Whitehill et al., 2013) , and has recently been implicated in MIF-S creation in modern stratospheric volcanic plumes (Hattori et al., 2013) . These modern MIF-S signals are measured directly in sulfate aerosols in plumes or in ice cores (Savarino et al., 2003; Baroni et al., 2007 Baroni et al., , 2008 , on samples that are not likely to be preserved in the permanent geologic record of our era. Given that reducing conditions are more conducive to preserving MIF-S signatures, the SO 2 photoexcitation band represents an important target for Archean research. Incorporation of the SO 2 photoexcitation cross sections (Danielache et al., 2012) alone has little effect on our standard model (see Appendix III-b for further discussion), but incorporation of the newly demonstrated effects of photo de-excitation is beyond the scope of this study.
The further possibility exists that the Archean sedimentary S isotope record is substantially biased (Explanation 3), either by sampling or preservation. Archean sulfates and CAS are severely undersampled relative to sulfides, so a more balanced record might show a dominance of positive sulfates. There are few Archean records of sulfur isotopes from subductable sulfide or sulfate in or on oceanic crust (Farquhar et al., 2010) , so there may be a mantle sink of opposite sign that is not well represented in the crustal record (Farquhar et al., 2002 (Farquhar et al., , 2010 Cabral et al., 2013) . Lastly, it is possible that poorly preserved non-marine Archean environments, particularly soils, hosted a crustal reservoir of sulfur species of opposite sign to their marine equivalents (Maynard et al., 2013) .
The genesis of the conventional interpretation of MIF-S
Accepting our modeling results at face value would indicate that the Archean atmosphere produced sulfates with positive D 33 S and sulfides with negative D 33 S, in contrast to the conventional interpretation of MIF-S (Explanation 4), so a few words on the origin of the interpretation are warranted. This interpretation (Ono et al., 2003) arose based on two early papers which showed negative D 33 S in 3.4 billion year old sulfate materials (Farquhar et al., 2000a) and follow-up laboratory experiments at 193 nm which created sulfates with negative D 33 S (Farquhar et al., 2001) . While more recent data and experiments provide additional evidence for the conventional interpretation, we note that these two early pieces were not sufficient for widespread adoption of the interpretation. Fig. 8a shows the SO 2 photolysis fractionation factors between 192 and 194 nm (Danielache et al., 2008) . These factors represent the instantaneous D 33 S in SO resulting from the (non-self-shielded) SO 2 photolysis reaction at the given wavelength, resulting only from photon absorption by amplitude variations in the SO 2 isotopologue absorption cross-sections. These cross-sections reveal D 33 S fractionation factors that oscillate between À400& to +800& over wavelength ranges of $0.01 nm. Therefore, predicting the net fractionation from SO 2 photolysis requires integration over the entire wavelength range of interest. The (grey) shaded region is the approximate emission spectrum of the Farquhar et al. (2001) ArF laser, which was centered at 193 nm with a 1 nm Gaussian dispersion. Fig. 8b shows the product of the fractionation factor and the laser, while the legend shows this value integrated over wavelength. The net prediction for photolysis with this 193 nm laser is positive D 33 S in SO, and therefore negative D 33 S in the residual SO 2 and sulfates that form from it, confirming the results of the 2001 laboratory experiments. While we have full confidence in the experimental results of Farquhar et al. (2001) , we join Lyons (2009) in questioning their direct applicability to the Archean rock record, given the sensitivity of our calculations to the UV light source used. For example, a similar integration (Fig. 8c and d) Farquhar et al. (2001) serendipitously produced negative D 33 S sulfates. A corollary is that 193 nm photolysis experiments should not be used to directly interpret the sign of MIF-S in the rock record.
The 193 nm array
Early Archean barites
The 3.48 Ga Dresser Formation contains sulfate with D 33 S averaging near À1& (Farquhar et al., 2000a; Philippot et al., 2007; Ueno et al., 2008; Shen et al., 2009 ). Fig. 9 shows barite crystals from the Dresser Formation, found within stromatolitic structures (Buick, 1985) . However, it is not clear that these barites formed directly 2 The cross sections we use are not those published as 2007jd009695-ds01.txt by DA08. We utilize a file named 'datanon-systematic-errors-corrections.txt' provided to us by Sebastian Danielache in 2011. Use of these cross sections alters the magnitudes of our predicted D 33 S signal, but does not affect the conclusions regarding the sign. from atmospherically derived sulfate. It has been argued that the sulfate in these barites was formed by microbial oxidation of reduced S (H 2 S or S 8 ), either via anoxygenic photosynthesis or via chemotrophic S oxidation with O 2 or nitrate (Shen and Buick, 2004; Olson, 2006) . The barite is in some places intimately interbedded with stromatolitic structures that appear to have been accreted by phototropic microbes as indicated by their laminae thickening over flexure crests, further supporting a biotic sulfate source (Buick et al., 1981, Fig. 9) . Sulfide oxidation leading to gypsum deposition in anoxygenic photosynthetic microbial mats has recently described for thrombolites in a hypersaline lagoon (Petrash et al., 2012) , providing a potential modern analog for this model of the Dresser Formation.
While measurements on other Archean sulfates not closely associated with stromatolites also yield predominantly negative D 33 S (Bao et al., 2007; Ueno et al., 2008; Roerdink et al., 2012) , this evidence does not rule out the possibility that these sulfates could have sourced from sulfur species other than atmospheric sulfate (Olson, 2006) . The conventional interpretation of the sulfates, carrying a negative D 33 S, would require formation directly from a pool of atmospherically-derived sulfate, perhaps in an evaporatic setting. While we find the biological precipitation scenario more likely, this is not the key argument we wish to make. Here, we simply seek to highlight the uncertainty of the ultimate sulfur source, which limits credibility for these barites to underpin the conventional interpretation of MIF-S.
A discussion on the conventional interpretation
While the conventional interpretation was widely adopted based on two early pieces of evidence we find unconvincing, there is a large dataset of measurements and experiments that support negative D 33 S sulfates so the interpretation is not easily discarded. As previously discussed, our D 33 S predictions are correct only if: (1) the crosssections we used are accurate and (2) non-optically thick SO 2 photolysis is the primary processes contributing to Archean D 33 S, both of which have difficulties but are certainly within the realm of possibility. A third explanation was that the Archean sulfur MIF record was incompletely sampled. For the 4th alternative (that the conventional interpretation of the D 33 S record requires revision) to be feasible, we find that the 3rd option (that the geological record is biased either by sampling or preservation) must obtain to some degree, as follows.
If . The high total sulfur (Figs. 6c, d and A6 ) and the low O 2 atmospheres (left side of Fig. 7 ) may best reflect this scenario. This interpretation is supported by carbonateassociated sulfates measured between 2.7 and 2.5 Ga, which show exclusively positive D 33 S (Fig. 1) , although many of these measurements might contain contamination from pyrite . Increased (but rapidly recycled) Neoarchean sulfate concentrations are further supported by data indicating contemporaneous sulfide oxidation on land (Stü eken et al., 2012) , the evolution of oxygenic photosynthesis (Kurzweil et al., 2013) , partial oxygenation of surface oceans (e.g., Kendall et al., 2010; Farquhar et al., 2011; Zerkle et al., 2012) , and microbial sulfate reduction metabolism (Shen and Buick, 2004; Ueno et al., 2008; Shen et al., 2009; Roerdink et al., 2012; Farquhar et al., 2013) .
Invoking Explanation 4 would therefore require that most sedimentary sulfides stem from microbial sulfate reduction in conjunction with a missing global reservoir of sulfur. These conditions, while certainly plausible, are not without difficulties given the extensive Archean sulfur isotope dataset, and are hard to justify given uncertainties in the experimental data and MIF-S formation processes. In particular, a strong validation of the DA08 cross-sections seems necessary before serious consideration of an argument to re-interpret the sulfur isotope record. As a result, we favor a combination of Explanations 1 and 2 for explaining the sign of D 33 S predicted using the DA08 cross sections. Given that multiple atmospheric process can modulate D 33 S (a general result) and that specific predictions stemming from the DA08 cross sections may be revised, we refrain from making additional constraints on the composition of the Archean atmosphere at this time.
CONCLUSIONS
The source mechanism(s) for MIF-S in the Archean atmosphere is not yet fully understood. We have argued that vertical heterogeneity in composition and redox state renders box models insufficient for accurate predictions of D 33 S, leading us to question the quantitative conclusions of Ueno et al. (2009) and Halevy et al. (2010) . While calling for more experiments to unravel the mechanisms modulating MIF-S, we caution against the direct applicability of experimental results to the Archean atmosphere, in particular SO 2 self-shielding and 193 nm laser experiments. We describe an easily adaptable methodology needed to predict D 33 S in atmospheric exit channels, and show that multiple atmospheric compositions could have modulated the D 33 S signal, implying that attempts to use the D 33 S record alone to constrain Archean gas compositions (beyond O 2 ) are likely premature. While the isotopologue cross sections used in this study may affect details of our quantitative predictions, we have confirmed that D 33 S magnitudes are generally inversely correlated with exit channel mass balance (Zerkle et al., 2012; Kurzweil et al., 2013) implying that the carrier of negative D 33 S was likely the larger exit channel in the Archean.
We specifically tested D 33 S signatures using the SO 2 photolysis cross sections of Danielache et al. (2008) and the SO 2 photoexcitation cross sections of Danielache et al. (2012) , which universally predict positive D 33 S in sulfates and negative D 33 S in sulfides. If these cross sections are accurate and no other process contributes MIF-S, the Neoarchean rise in positive D 33 S sulfide fractionation could be explained by increasing O 2, total sulfur, or clearing of an organic haze, but requires that Neoarchean pyrites obtained most of their S from microbial sulfate reduction or SO 2 . The feasibility of this claim could be tested by comprehensive models tracking the atmospheric source to sedimentation (Lyons, 2009; Halevy, 2013) and may be falsifiable by careful evaluation of pyrite formation pathways (Ono et al., 2009a; Farquhar et al., 2013) and the existing geologic record. A more likely explanation is that the DA08 cross sections have errors and that multiple processes contribute to the Archean sulfur MIF record.
Future prospects for constraining atmospheric MIF-S are bright, as new photolysis cross sections appear to be on the horizon (Danielache et al., 2012) and newly discovered photo de-excitation effects may contribute to the Archean record . In particular, precise measurements of 36 SO 2 cross sections will enable us to exploit the extra degree of freedom in the D 33 S/D 36 S data, perhaps resolving some of the causative multiplicity inherent in D 33 S predictions alone. As our methodology is easily adaptable to new experimental data, quantitative atmospheric constraints beyond the simple presence or absence of O 2 are likely obtainable from the Archean sulfur isotope record in the near future.
